To examine the nature of cytoplasm determinants for dorsal specification in zebrafish, we have developed a method in which we remove the vegetal yolk hemisphere of early fertilized eggs (vegetal removed embryos). When the vegetal yolk mass was removed at the 1-cell stage, the embryos frequently exhibited typical ventralized phenotypes: no axial structures developed. The frequency of dorsal defects decreased when the operation was performed at later stages. Furthermore, the yolk cell obtained from the vegetal-removed embryos lost the ability to induce goosecoid in normal blastomeres while the normal yolk cell frequently did so in normal and vegetal-removed embryos. These results suggested that the vegetal yolk cell mass contains the dorsal determinants, and that the dorsal-inducing ability of the yolk cell is dependent on the determinants.
Introduction
Establishment of dorsoventral polarity of the embryo is an essential step in early vertebrate development. This process is best understood in amphibians. In Xenopus, the sperm entrance point indicates the side of the egg destined for ventral structures, with the opposite side destined for the dorsal structures. It has been clearly shown that the cytoplasmic determinants which specify the dorsal fate are present in the eggs just after fertilization (reviewed by Gerhart et al., 1989; Heasman, 1997) . These determinants are located around the vegetal-pole region and are translocated to the prospective dorsal side before the first cleavage (Fujisue et al., 1993) .
In teleost development, early cleavages are meroblastic, leaving large cytoplasmic connections between the marginal blastomeres and the yolk cell (YC). During the midblastula transition, the yolk syncytial layer (YSL), which is unique to teleosts, is formed through the collapse of vegetal marginal blastomeres into the YC (reviewed by Cooper and Kimmel, 1998) . The presumptive mesoderm region in the zebrafish blastula is formed at the vegetal margin of the blastoderm close to the YSL. The dorsal part of the margin will form the embryonic shield, the equivalent of Spemann's organizer (reviewed by Kimmel et al., 1995) . Unlike amphibians, it is not possible to distinguish morphologically between the regions corresponding to dorsal and ventral sides until at least the late blastula stage, i.e. the 30%-epiboly stage, in zebrafish (Schmitz and Campos-Ortega, 1994) . However, prior to morphological changes, rotational symmetry of the zebrafish embryo is lost at the molecular level at the mid to late blastula stage, as demonstrated by asymmetric expression of several key genes, expression patterns of which are highly conserved between fish and frog embryos (De Robertis et al., 1994) . For example, at the late blastula stage, expression of zebrafish bmps begins to disappear in the dorsal region (Nikaido et al., 1997) , Mechanisms of Development 81 (1999) [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] 0925-4773/99/$ -see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved. PII: S0925-4773(98)00202-0 while that of goosecoid (gsc) becomes detectable in the dorsal margin (Stachel et al., 1993) . These similarities to amphibians have suggested the presence of cytoplasmic determinants for dorsal specification (dorsal determinants) in teleost eggs.
Experiments with goldfish have provided evidence for the presence of dorsal determinants (Tung et al., 1945; Mizuno et al., 1997) . They obtained dorsal-defective embryos by removal of the vegetal yolk hemisphere soon after fertilization, indicating that the substances required for the establishment of dorsoventral polarity are present in the vegetal yolk hemisphere of the fish. However, these results left open the question as to whether the dorsal determinants function in the YC/YSL or the blastomeres in teleosts. Recently, several groups have proposed that in Xenopus, Spemann's organizer is established when prospective mesoendoderm directly inherits the dorsal determinants, with no requirement for reception of signals from the Nieuwkoop center (Sakai, 1996; Laurent et al., 1997) . In zebrafish, Jesuthasan and Strähle (1996) observed that the vegetal yolk cytoplasm at the cleavage stage is able to enter the blastomeres. In contrast, evidence has accumulated that the YSL determines the embryonic axis (Long, 1983; Mizuno et al., 1996) . For example, zebrafish YSL of the YC, when transplanted into the animal-pole region of the host, induces expression of mesoderm-and organizer-specific genes in the surrounding cells (Mizuno et al., 1996) , suggesting that the mesoderm and organizer develop in a non-cell-autonomous manner. In the present study, we addressed this question using the zebrafish which is particularly amenable to investigation of developmental biology.
The dorsal determinants in the embryos can be removed in goldfish by bisection of the embryo along the equatorial plane using a nylon fiber (Mizuno et al., 1997) . Probably due to the different nature of the YC membrane (such as hardness and toughness), this method did not work well in zebrafish. Thus, we first developed a new method with which the vegetal yolk hemisphere could be removed from fertilized zebrafish eggs without reducing viability. This operation caused severe dorsal reduction in later development. We precisely described the effects of the operation and then examined which tissue required the dorsal determinants by performing tissue recombination experiments between normal and vegetal-removed embryos. We found that the removal of vegetal YC impaired the dorsal-inducing ability of the YC, while it did not affect the competence of the blastomeres for expressing dorsal genes.
Results

Morphological characteristics of embryos from which the vegetal yolk mass had been removed
Bisection of the embryos using a nylon fiber, which had been successfully applied to goldfish embryos (Mizuno et al., 1997) , caused severe damage to zebrafish eggs leading to a disruption of the YC. In contrast, squeezing the vege- Fig. 1 . Removal of vegetal yolk hemisphere using a glass needle. (A-D) Operation processes, which were completed within 1 min. The tip of the hooked glass needle penetrates the vegetal yolk membrane to make a small hole in the yolk membrane (A). The glass needle is placed in the equatorial region of the yolk mass to squeeze the vegetal yolk mass out of the embryo (B). The needle is slowly moved towards the vegetal end with continuous pressure against the agar bed (C). The squeezed egg becomes flattered after the operation (D). A round shape is restored in the embryos within 30 min. (E) The vegetal-removed embryos (upper five) and their intact siblings (lower five) at the two-cell stage are shown. Scale bar, 1 mm. tal yolk mass out of the egg through a hole at the vegetal end was successful in fertilized zebrafish eggs. During the operation, the eggs became flat but the shape was soon restored (Fig. 1A-D) . Most of the vegetal-removed embryos exhibited normal cleavage patterns, although they were much smaller in size than normal controls (Fig.  1E) .
The embryos from which the vegetal yolk hemisphere had been removed at the 1-cell stage (vegetal-removed embryos) displayed a characteristic series of dorsal-defect morphologies in later development. Fig. 2 shows the typical developmental abnormalities of vegetal-removed embryos classified according to DAI (see experimental procedures).
Prior to the onset of gastrulation, it was difficult to distinguish vegetal-removed embryos from their intact siblings on the basis of morphology, except for their smaller size. Differences became obvious at around mid-gastrulation (70%-epiboly stage) (Fig. 2A1,B1 ,C1,D1). In DAI 1 and DAI 2 embryos, no dorsal or head thickening was visible externally, while epiboly and involution of the blastoderm cells proceeded. The epiboly was completed faster in vegetal-removed embryos than in their intact siblings, probably due to the smaller size of the YC. DAI 1 embryos were indistinguishable from DAI 2 embryos at this stage. In Fig. 2 . Morphological defects and developmental processes of embryos from which the vegetal yolk hemisphere was removed prior to 20 min postfertilization. The animal pole is at the top and dorsal is to the right, if the dorsal side is distinguishable. Each series of (A-D) shows development of the same embryo. The developmental stage is shown below each column. (A) DAI 1. No dorsal structures were observed. (B) DAI 2. Dorsal structures were indistinguishable at 70%-epiboly. The axis with segmented structures became visible after completion of gastrulation. However, no head structure was formed. (C) DAI 3. Dorsal thickening was visible at 70%-epiboly but the thickening in the anterior head region was less prominent (C1, arrowhead) compared with that in the DAI 5 embryo (D1 arrowhead). Finally, the anterior head with one eye, was formed (C4, arrowhead). (D) DAI 5, control embryo. Scale bar, 100 mm. DAI 3 embryos, the anterior head was visible but was much thinner than that in normal embryos (Fig. 2C1) .
Between the bud and early segmentation stages, DAI 1 embryos became distinguishable from DAI 2 through a thickened cell mass at the vegetal end and by their rotationally symmetrical morphology (Fig. 2A2,B2 ). The blastoderm around the animal region became much thinner in the DAI 1 embryos. In DAI 2 embryos, however, the blastoderm cells accumulated and formed an axis in the dorsal region with reduced head prominence (Fig. 2B2) , suggesting that dorsal convergence occurred. Similarly to DAI 1 embryos, the blastoderm cells in DAI 2 embryos also accumulated in the tail region, forming an enlarged tail bud (Fig.   2B2 ). In contrast to DAI 1 and 2 embryos, DAI 3 embryos possessed a clear axis with anterior head prominence (Fig.  2C2) .
Differences in defects became more obvious during the later segmentation and 24-h stages (Fig. 2A3-D3 , A4-D4). In the normal embryos, segmentation proceeded, and the central nervous system with a clear anteroposterior pattern including the anterior head was formed during these periods. In DAI 1 embryos, neither segmentation nor neurulation was visible externally but large cell masses were present at both poles of the embryos. The vegetal cell mass was larger and sometimes segmented in the later stages. In DAI 2 and DAI 3 embryos, segmented structures were visible externally, although segmented tissues in DAI 2 were irregular in shape and larger in size. Anterior head structures were formed only in DAI 3 to DAI 5 (normal) embryos. DAI 3 embryos exhibited one-eyed heads (cyclops) (Fig. 2C4 ). After 1.5 days of incubation the differentiation of pigment cells was detected in all vegetalremoved embryos, although it was much less and delayed in DAI 1 embryos (data not shown).
Histological analysis of vegetal-removed embryos at about the 20-somite stage was performed to examine the defects in detail. As shown in Fig. 3 , no particular structure was observed in accumulated cell masses of DAI 1 embryos (Fig. 3A ,B). In DAI 2 embryos, no notochord formation was observed, and instead segmented somite-like structures, which were present along the anterior-posterior axis in the posterior part of the body, were fused at the midline. Above these tissues, a neural keel-like structure was sometime detected (Fig. 3C,D) . , gsc (C,D) at 50%-epiboly, myoD (E,F) at 70%-epiboly and ntl (G,H) at 50%-epiboly. In vegetal-removed embryos, eve1 expression was detected in the entire germ ring (A), while the dorsal blastoderm margin was devoid of the transcripts in normal embryos (B, arrowheads) . No gsc or myoD expression were detected in the embryos operated on at 5-20 min (C,E). ntl was expressed normally even in the embryos operated on at 5-20 min postfertilization (G). See Table 1 for experimental cases. Scale bar, 100 mm.
Gene expression in vegetal-removed embryos
Approximately 85% of the embryos developed into DAI 1 or 2 embryos when the vegetal yolk hemisphere had been removed on at 5-20 min postfertilization (see next chapter). The DAI 1 and DAI 2 phenotypes appeared to be caused by failure in the development of dorsal tissues at early stages. To further confirm this, we examined the expression patterns of several key genes in vegetal-removed embryos.
At the early gastrula stage, eve1, a zebrafish homeobox gene related to the Drosophila pair rule gene even skipped (Joly et al., 1993) , is normally expressed in ventrolateral marginal cells. However, in the majority of vegetalremoved embryos, the expression domain of this gene was dorsally expanded (Fig. 4A,B ; Table 1 ). In contrast, the expression of gsc, a marker gene for the early organizer (Stachel et al., 1993) , was reduced or undetectable in the vegetal-removed embryos ( Fig. 4C,D ; Table 1 ). In addition, myoD, which is normally expressed in a small patch on each side of the embryonic shield (Weinberg et al., 1996) , was not expressed in the vegetal-removed embryos ( Fig. 4E,F ; Table 1 ). In contrast to eve1, gsc and myoD, the operation did not affect no tail (ntl) expression: ntl was expressed in the entire blastoderm margin in both vegetal-removed and normal embryos at 50%-epiboly (Schulte-Merker et al., 1992; Fig. 4G ,H; Table 1 ).
The presence of axial mesoderm was examined by analyzing sonic hedgehog (shh) expression which is normally detected in the notochord and floor plate (Krauss et al., 1993) . As shown in Fig. 5A -C, shh was never detected in the vegetal-removed embryos at the 3-somite stage (0/14), confirming complete absence of axial tissues in the operated embryos. However, myoD expression was restored at later stages: localized expression was detected in the vegetal cell mass (Fig. 3A) of DAI 1 embryos (7/9) and in segmented somite-like structures (Fig. 3C ) of DAI 2 embryos (10/11; Fig. 5D-F) at the 20-somite stage, suggesting that mesoderm with a somite-like character was formed during later development of vegetal-removed embryos. We also examined the expression of n-cam, a neuron-specific marker (Bernhardt et al., 1996; Fig. 5J) , at the 20-somite stage. No n-cam-positive neural tissue was formed in any of the DAI 1 (n = 9) and in most DAI 2 embryos (Fig. 5G,H) . However, weak and limited expression of n-cam was detected in some DAI 2 embryos (2/11) (Fig. 5I) , which may have corresponded to a neural keel-like structure (Fig. 3C,D) .
Frequencies of dorsal-defective embryos
The frequency of abnormalities was dependent on the timing of the operation. As shown in Fig. 6 , following removal of the vegetal yolk mass before 20 min postfertilization, about 80% of the embryos showed severe dorsal reduction (DAI 1 and DAI 2), and no DAI 3-5 embryos were obtained. As the timing of the operation advanced, the frequency of DAI 5 (normal) embryos gradually increased, while that of the dorsal-defective embryos (DAI 1-4) decreased accordingly.
The frequency of the most severe phenotype, DAI 1, was the highest (approximately 40%) when the operation was performed 20-30 min postfertilization. This frequency was significantly higher than that seen with earlier operations between 5 and 20 min postfertilization (P Ͻ 0.05). In contrast, the less severe DAI 2 phenotype was obtained at highest frequency when the operation was performed at between 5 and 20 min postfertilization. The frequencies of DAI 3 (cyclops) plus DAI 4 (fused eyes) did not exceed 10% at any of the stages examined.
Impaired dorsal inducing ability of the YSL from vegetal-removed embryo
We then examined whether removal of the vegetal yolk hemisphere affected the inducing ability of the YSL and/or competence of the blastomeres to respond to the signals from the YSL, using YC transplantation. We have previously shown that normal YCs, when transplanted into the animal-pole region of the normal host embryos, induced ectopic expression of gsc and ntl in the host blastoderm Table 1 Altered expression of dorsal and ventral markers in vegetal-removed early gastrula ( Mizuno et al., 1996; Fig. 7A,B) . Under our experimental conditions, it was difficult to remove the marginal cells completely with the YC intact, probably due to their tight adhesion with the YSL. The labeled blastomeres which had been transplanted along with the YC were randomly distributed in the host blastoderm; most were dispersed within the deep cell layer while a few differentiated into enveloping cells which maintained contact with the YSL of the donor YC (Figs. 7B-E and 8D). We then estimated the number of contaminating donor blastomeres to be about 1.3% of the total number of recombinant cells: 207.8 ± 96.0 donor cells (mean ± SD) at 50% epiboly (n = 12), and the cell number of the normal embryos at this stage was estimated as about 16 000 after 14 cell cycles (Marrable, 1965; Kimmel et al., 1995). Ectopic expression of gsc seemed to have no special correlation with contaminating donor cells (Fig. 7D ), although we sometimes observed a few labeled enveloping cells near or within the ectopic gsc-expression domain (Fig.  7E) . Furthermore, we confirmed that the marginal cells which attached to the YSL after removal of the blastoderm did not induce ntl when transplanted into the host animalpole region (0/9; Fig. 7F,G) . From these results, we concluded that contaminating cells did not affect our interpretation of the results of the following YC transplantation experiments. First, we examined the dorsal-inducing ability of the YSL obtained from vegetal-removed embryos. Labeled donor YCs were prepared from embryos from which the vegetal yolk hemisphere had been removed, 5-20 min postfertilization (Fig. 8A) . As shown in Fig. 8B-D and Table 2 , no ectopic expression of gsc was induced, while ectopic ntl expression, which showed a similar pattern to that in the host margin, was induced in unlabeled host cells adjacent to labeled donor YSL. This indicated that the YSL from the vegetal-removed embryo lost the dorsal-inducing ability, while its mesoderm-inducing ability remained intact.
We then tested the competence of the blastomeres from vegetal-removed embryos by transplanting labeled normal YC into the animal-pole region of vegetal-removed embryos (Fig. 8E) . As shown in Fig. 8F ,G and Table 2 , unlabeled host cells in a specific region near the donor YSL were induced to express gsc, while no endogenous expression was detected in the host blastoderm margin. As in the normal blastoderm, both ectopic and normal expression of ntl was observed in the vegetal-removed embryos transplanted with the normal YC ( Fig. 8H,I ; Table 2 ). These results indicated that removal of vegetal yolk mass did not affect the competence of the blastoderm to express gsc in response to dorsal-inducing signals from the normal YSL.
Discussion
In this study, we developed a new method for removal of the vegetal yolk hemisphere in zebrafish. Compared with the previous method used in goldfish, i.e. a bisection of the yolk mass with a nylon fiber, squeezing of the yolk mass through a hole in the vegetal end caused less damage to Fig. 6 . Frequencies of DAI 1-5 embryos developed from embryos from which the vegetal yolk mass had been removed at the indicated developmental stages. Embryos were observed externally and scored when their siblings reached approximately the 20 somite stage. Data for each column were collected from two to nine independent experiments. The number of samples (n) is shown above each column. 92% of dechorionated control embryos developed normally (DAI 5). zebrafish eggs and resulted in much higher survival rate. Using this method, we were able to examine the mechanisms underlying dorsal specification of the zebrafish embryos.
Dorsal specification requires the substances present in the vegetal hemisphere of the YC
Removal of the vegetal yolk mass at the 1-cell stage caused developmental defects in later stages. These defects were characterized as reduction or deletion of dorsal fate. In the most severe phenotype, DAI l, the head, spinal cord, notochord and somites were not formed. These phenotypes were similar to those observed in ultraviolet-irradiated Xenopus embryos (Scharf and Gerhart, 1983) . Less severe phenotypes of DAI 2 and DAI 3 embryos could also be interpreted as resulting from dorsal reduction. The axial mesoderm derived from the dorsal-most mesoderm was absent in DAI 2 embryos, which was confirmed by histological sections as well as shh expression. Similarly, the cyclops phenotype in DAI 3 embryos may have been caused by a lack of the prechordal plate mesoderm which is also derived from early involuting dorsal mesoderm. Mechanical or genetic ablation of the prechordal plate results in a cyclopean phenotype in many vertebrates (Adelmann, 1936; Schier et al., 1997) . Gene expression analysis at early stages confirmed that removal of vegetal yolk abolished expression of the dorsal genes, gsc and myoD, and dorsally expanded the expression domain of the ventral gene eve1. Consistent with this, the neural tissue, which is induced by organizer factors from the axial mesoderm (for review, see Sasai and De Robertis, 1997) , was not formed in any DAI 1 and in most DAI 2 embryos. In our previous experiments with goldfish, in which the phenotypes were mainly assessed (F and G, arrowheads) was induced in vegetal-removed host cells (unlabeled) near the donor YSL. Note that no endogenous expression of gsc was detected (F). Ectopic expression of ntl (H and I, arrowheads) was also detected externally (H) and histologically (I) in the vegetal-removed blastoderm. The data are summarized in Table 2 . Scale bars, 100 mm.
by morphological criteria, similar results were obtained after bisection of the embryos along the equatorial plane before the two-cell stage (Mizuno et al., 1997) . Taken together, these observations indicated that the substances accumulated in the vegetal yolk hemisphere at the one to two-cell stages are essential for dorsal specification in teleosts. We, therefore, refer to these substances as dorsal determinants in teleost embryos.
At later stages, DAI 2 embryos developed segmented somite-like structures which were positive for myoD. Surprisingly, a part of vegetal cell mass of DAI 1 embryos also became positive for myoD. Thus, although only ventral mesoderm was detected at gastrula stage in DAI 1 embryos, they developed some patterned mesoderm with a somitelike character.
The ventralized phenotypes obtained in the present study were similar in appearance to those of embryos injected with bmp-4 mRNA before the two-cell stage (Kishimoto et al., 1997; Neave et al., 1997; Nikaido et al., 1997 ) and ultraviolet-irradiated or nocodazole-treated embryos (Jesuthasan and Strähle, 1996) . The latter method disrupts the microtubule system. Thus, ventralized zebrafish embryos can be obtained by different methods which block the dorsoventral specification pathway at different levels.
The present study further demonstrated that the mesoderm induction is independent of its dorsoventral specification in zebrafish: the mesoderm formation and mesoderminducing activity of the YSL were not affected by removal of dorsal determinants (Fig. 8A-D) . Previous experiments with amphibian embryos have proposed two conflicting models for induction and patterning of the mesoderm. It was originally thought that the dorsal induction is not separable from mesoderm induction: they were shown to be dependent on the doses of mesoderm-inducing signals such as activin, a potent inducer of dorsal mesodern, in the Xenopus animal cap assay (Green et al., 1992; Green et al., 1994) . However, it was recently shown that mesoderm induction by activin is modified by FGF-mediated intracellular signals. The inhibition of FGF signaling inhibits the ability of activin to induce mesodermal markers such as Xbrachyury, an orthologue of ntl, but the gsc is inhibited less effectively than mesodermal markers (LaBonne and Whitman, 1994) , suggesting that they are regulated by distinct signaling pathways. Thus, the present results Support the latter model.
Change in the sensitivity to removal of the vegetal hemisphere
We demonstrated that the sensitivity to removal of the vegetal hemisphere changed during early cleavage. The frequency of the severe dorsal defects (DAI 1 and DAI 2) was highest when the removal was completed prior to 30 min postfertilization and gradually decreased in operations performed later (Fig. 6) . Most of the embryos developed normally after removal of the vegetal yolk hemisphere at four-and eight-cell stages. This may be interpreted as indicating that dorsal determinants in the vegetal hemisphere lose their activity or are no longer required by the eight-cell stage when the animal hemisphere already obtains a sufficient amount of dorsal information. Alternatively, like amphibian embryos, dorsal determinants originally localized around the vegetal pole may be translocated away toward the animal pole during early cleavage stages. Although no conclusive evidence is available at present, the following observations favor the latter inter-pretation. Jesuthasan and Strähle (1996) demonstrated the transport of cytoplasmic substances from the vegetal pole to the blastoderm at cleavage stage in zebrafish. They proposed that the cytoplasmic movement, which is mediated by a transient array of microtubules in the yolk cortex, is required for axis specification. This hypothesis was supported by the observation that the disruption of microtubules soon after fertilization produced dorsal-defective embryos at a high frequency (Jesuthasan and Strähle, 1996) . The microtubule system has also been implicated in translocation of dorsal determinants in amphibian embryos, and this disruption causes severe defects in dorsal development (reviewed by Gerhart et al., 1989) . Although asymmetric rearrangement of the cytoplasm (such as cortical rotation in amphibia) has not been observed in zebrafish, microtubule-mediated movement could function as a method of transport of the determinants. In future, it will be important to locate the determinants in zebrafish embryos by transplantation of specific regions of the yolk cytoplasm.
Dorsal-inducing ability of the YSL is dependent on the dorsal determinant
In the present study, we demonstrated that the YSL from vegetal-removed embryo loses the ability to induce gsc expression, while the blastomeres from vegetal-removed embryos were able to express gsc in response to intact YSL. These results indicated that the dorsal-inducing ability of the YC is highly dependent on the dorsal determinants in the vegetal hemisphere, and that the blastomeres, even if they do not receive determinants or dorsal information from the YC, remain competent to develop dorsal tissues in response to the inducing signals. Consistent with this, complete rescue of the vegetal-removed blastoderms was observed when they were combined with the normal YC in goldfish (Yamaha et al., 1998) . Thus, our results support the notion that the dorsal tissues in teleosts are induced by the underlying YSL. The importance of the YSL in axis specification has been repeatedly shown in several teleosts: blastomeres isolated from the YC at early blastula stages form only an irregular cell mass, whereas those isolated at later stages form axial structures (Kostomarova, 1969; Bozhkova et al., 1994; Hyodo et al., 1996) . Further support for this notion has been supplied by recombination experiments in trout and zebrafish (Long, 1983; Mizuno et al., 1996) . Recently, a zebrafish novel homeobox gene, dharma, which is able to induce the organizer in a non-cell-autonomous manner, was shown to be expressed in the dorsal part of the YSL (Yamanaka et al., 1998) . Despite the dorsal-inducing ability of the YSL, recent gene expression analysis suggested that a subpopulation of dorsal blastoderm cells just above the YSL have dorsalinducing ability. Although nuclear translocation of b-catenin, which is thought to mediate the wnt-related signaling cascade required for activation of dorsal-specific genes, is first detected in the dorsal YSL, it is also observed in dorsal blastomeres above the YSL (Schneider et al., 1996) . Furthermore, transcripts of the squint (sqt; zebrafish nordal-related-2) gene, which is indispensable for dorsal development, were detected in both dorsal blastoderm cells and YSL at the midblastula stage. sqt expression is restricted to a small group of dorsal blastoderm cells above the YSL (Feldman et al., 1998) .
In YC transplantation experiments, we noticed that ectopic expression of gsc tended to be weaker and to be restricted to a smaller area than that of endogenous expression at the margin (Figs. 7 and 8) . Furthermore, none of the recombinants transplanted with the vegetal-removed YC expressed ectopic gsc expression (Table 2 ), while about 20% of vegetal-removed embryos were still positive for gsc transcripts (Table 1) . Thus, the transplanted YC seems to be a less potent inducer. This could have been due to a shorter interaction between the blastoderm and transplanted YSL as compared to normal embryos. Complete dorsal specification may require continuous contact between the YSL and the blastoderm for a certain period. Indeed, part of the blastoderm is already specified (although not yet committed) toward the mesoderm and dorsal fate by the midto late blastula stage (Bozhkova et al., 1994; Yamaha et al., 1998) . However, under our experimental conditions, the ectopic inductive interaction began at mid-to late blastula stage when the YC was transplanted. Alternatively, the YSL alone may not be sufficient to induce full dorsal development. As mentioned above, the dorsal blastomeres may have some dorsal-inducing ability and could be involved in dorsal development. At present, we do not know which of these explanations is correct. It will be important to examine by transplantation analyses the dorsal-inducing ability of the blastoderm cells expressing dorsal key genes such as sqt (Feldman et al., 1998) .
In conclusion, the results of the present study and our previous studies (Mizuno et al., 1996; Mizuno et al., 1997) underlined the importance of the inducing processes in the formation of dorsal tissues by the YSL, the activity of which is dependent on the dorsal determinants.
Experimental procedures
Preparation of eggs
Zebrafish, Danio rerio, were maintained at 28 5°C. Sperm and eggs were collected manually as previously described (Westerfield, 1989) . Sperm was activated using 5 mM NaCl and 0.4% urea. Chorions were removed using 2 mg/ml Trypsin 1:250 (DIFCO; Detroit, MI), 0.4% urea in 1× Ringer's solution (116 mM NaCl, 2.9 mM KCl, 1.8 mM CaCl 2 , 5 mM HEPES, pH 7.2) and the dechorionated embryos were rinsed with 1× Ringer's solution. Embryonic development was staged according to Kimmel et al. (1995) .
Fragmentation of eggs and embryos
Removal of the vegetal yolk mass in zebrafish required modifications of the method reported in Mizuno et al. (1997) (Fig. 1 ; details are described in Mizuno et al., in press) . A small hole was made at the vegetal pole of dechorionated eggs and the vegetal yolk mass was squeezed out of the egg using a hooked glass needle in l× Ringer's solution. To protect the YC surface from damage, the glass needle was given a gentle push and moved slowly towards the vegetal end with continuous pressure against the agar bed. After a few minutes, the vegetal-removed eggs or embryos were transferred to l× Ringer's solution supplemented with 1.6% chick albumen. If the embryos were cultured after 50%-epiboly stage, culture medium was replaced by 1/3× Ringer's (39 mM NaCl, 0.97 mM KCI, 1.8 mM CaCl 2 , 1.7 mM HEPES, pH 7.2) without albumen. The survival rate of operated embryos was equivalent to or slightly lower than that of control embryos.
Transplantations
YC transplantation was performed as previously described (Mizuno et al., 1996; Mizuno et al., in press ).
Briefly, dechorionted eggs were labeled by an injection of tracer dye; 3% rhodamine-dextran, 1% biotin-dextran (Molecular Probes, Eugene) in 0.2 M KCl. At 1 k-cell-tosphere stage, the blastoderm was mechanically removed using a sharpened glass needle from labeled donor embryos in Calcium-free 1/3× Ringer's solution containing 10 mM EDTA. Isolated YC was pipetted up and down gently to remove marginal cells tightly attached to the YSL. As shown in Fig. 7A , recombination of donor YCs with host blastula was performed in 1× Ringer's solution with the YSL of the donor facing the host animal pole. Before transplantation, a small incision was made in the enveloping layer of the animal-pole region of the host embryo with a sharpened glass needle, which helps adhesion between the donor YSL and host blastoderm. Using a blunt glass needle, donor YC and host embryo were pushed into a hole 1.2 mm in diameter made in the agar. The recombinants were incubated for 30 min in 1× Ringer's solution and rinsed with 1/ 3× Ringer's solution. Recombinants and control embryos were fixed at the 50%-epiboly stage and processed for in situ hybridization. After in situ hybridization analysis, the detection of biotin-dextran was performed using the ABC method as previously described (Westerfield, 1989) to visualize donor cells.
Transplantation of blastomeres was performed as previously described (Koshida et al., 1998; Mizuno et al., in press ). For transplantation of marginal cells attached to the donor YSL, donor embryos were labeled and the blastoderm was removed as described above. A few marginal cells are sucked into a glass micropipette in 1/3× Ringer's solution and transplanted into the animal-pole region of host embryos in 2% methyl cellulose in 1/3× Ringer's solution.
Whole-mount in situ hybridization
After fixation overnight in 4% paraformaldehyde in phosphate-buffered saline (PBS), embryos were transferred and stored in methanol at −20°C. Whole-mount in situ hybridization analysis was performed as previously described (Nikaido et al., 1997) . For goosecoid, the antisense RNA probe used corresponded to a 281-bp PvuII fragment. The ncam RNA probe was synthesized with a plasmid containing a partial cDNA fragment (a gift from Dr. D. Grunwald, EMBL/GenBank accession number U63292) encoding a protein sequence corresponding to the second to fifth Iglike domains of chicken N-CAM. Other probes for no tail, eve1, sonic hedgehog (a gift from Dr. S. Krauss) and myoD (cloned by Mr. A. Sawada) spanned the complete respective cDNAs.
Histology
For histological analysis, embryos were fixed with Bouin's fixative for 1 h, dehydrated in a butanol series and embedded in paraffin. Serial sections were cut at a thickness of 5 mm and hematoxylin-eosin staining was performed using standard procedures. Some embryos, stained using whole-mount in situ hybridization and ABC staining, were embedded in Technovit 8100 (Heraeus Kulzer, Wehrheim) and serially sectioned at 5-8 mm.
Assignment of index of axis deficiency
Vegetal-removed embryos were assigned a grade of dorsal deficiency, the 'dorsoanterior index' (DAI), according to Mizuno et al. (1997) . The scoring system is modification of Xenopus DAI (Scharf and Gerhart, 1983; Kao and Elinson, 1988) to describe the axis deficiency of fish embryos. The grades of DAI were: DAI 1, rotational symmetry; DAI 2, truncated head; DAI 3, cyclops; DAI 4, joined eyes; DAI 5, normal. In this study, embryos showing irregular malformation were classified into the 'others' category. This category may contain embryos showing hyperdorsalized phenotypes (such as C4 and C5 in Mullins et al., 1996 and Kishimoto et al., 1997) . For as yet unknown reasons, the vegetal-removed embryos sometimes displayed a reduction of eve1 or increased gsc expression (Table 1) , both of which represent dorsalized phenotypes. This tendency was also observed in a similar experiment in Fundulus (Tung, 1955) .
